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ABSTRACT 

A t h e o r e t i c a l  a n a l y s i s  was per formed t o  de t e rmine  t h e  
l a n d i n g  dynamics on a hard f l a t  s u r f a c e  and a h a r d  i r r e g u l a r  
s u r f a c e .  The s t u d y  shows t h a t  f o r  low c o e f f i c i e n t s  of f r i c t i o n ,  
s u r f a c e  i r r e g u l a r i t y  i s  s i g n i f i c a n t  i n  d e t e r m i n i n g  v e h i c l e  
s t a b i l i t y .  However, t h e  f l a t  s u r f a c e  a t  l a r g e  v a l u e s  o f  c o e f f i -  
c i e n t  of  f r i c t i o n  appears t o  a d e q u a t e l y  r e p r e s e n t  t h e  s t a b i l i t y  
c h a r a c t e r i s t i c s  o f  t h e  i r r e g u l a r  s u r f a c e s  s t u d i e d  i n  t h i s  
memorandum. 
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FROM: J. A ,  Nutant  

MEMORANDUM FOR FILE 

I n t r o d u c t i o n  

I n  Reference  1, s t u d i e s  were made o f  a LEM v e h i c l e  l a n d i n g  
on hard  s u r f a c e s  o f  v a r i o u s  c o e f f i c i e n t s  o f  f r i c t i o n  and s o i l  sur- 
f a c e s .  However, a l l  t h e  s u r f a c e s  cons ide red  were f l a t .  A downh i l l  
l a n d i n g  on a hard f l a t  s u r f a c e  w i t h  a h igh  c o e f f i c i e n t  o f  f r i c t i o n  
was c o n s i d e r e d  t o  be t h e  most u n s t a b l e  o f  t h e  hard s u r f a c e  l a n d i n g s ,  
I n  t h i s  memorandum, i r r e g u l a r  hard s u r f a c e s  w i t h  t h e  same e f f e c t i v e  
s l o p e  l i m i t a t i o n  as t h e  f l a t  s u r f a c e s  were s t u d i e d  by means o f  t h e  
computer l a n d i n g  dynamics program developed  by t h e  Bendix Corpora- 
t i o n .  Details o f  t h e  computer program are g i v e n  i n  Reference  2.  
Thus,  t h e  combined e f f e c t s  o f  i r r e g u l a r i t y  and c o e f f i c i e n t  of f r i c -  
t i o n  on l a n d i n g  s t a b i l i t y  were de termined .  

A n a l y s i s  

The l a n d i n g  dynamics o f  a v e h i c l e  on two s u r f a c e  p r o f i l e s  
s k e t c h e d  below were s t u d i e d  u s i n g  t h e  l a n d i n g  dynamics computer 
program developed a t  t h e  Bendix Corpora t ion .  

\ 

s i n u s o i d a l  T t r i a n g u  l a r  7 

For  t h e  s i n u s o i d a l l y  shaped s u r f a c e ,  t h e  v a r i a b l e s  i n c l u d e d  t h e  
a m p l i t u d e ,  wavelength,  and c o e f f i c i e n t  o f  f r i c t i o n  of  t h e  s u r f a c e .  
I n  t h e  c a s e  o f  the  t r i a n g u l a r  s u r f a c e ,  t h e  p i t c h ,  o r  d i s t a n c e  be- 
tween peaks,  was v a r i e d .  I n  both t y p e s  o f  s u r f a c e s ,  t h e  i n i t i a l  
p o i n t  o f  c o n t a c t  of the  foo tpad  w i t h  t h e  s u r f a c e  was v a r i e d .  The 
maximum e f f e c t i v e  s l o p e  o f  t he  s u r f a c e  was always e q u a l  t o  o r  l ess  
t h a n  12O i n  o r d e r  t o  c o r r e l a t e  t h i s  a n a l y s i s  w i t h  t h e  12O s l o p e d  
f l a t  s u r f a c e  a n a l y s i s ,  

F i g u r e  1 shows t h e  s t a b i l i t y  p r o f i l e s  f o r  a f l a t  s u r f a c e  
and a s i n u s o i d a l  s u r f a c e ,  b o t h  having  a c o e f f i c i e n t  of  f r i c t i o n  
e q u a l  t o  0.5. The g r e a t e r  i n s t a b i l i t y  o f  t h e  s i n u s o i d a l  s u r f a c e  i s  
q u i t e  n o t i c e a b l e ,  F i g u r e  2 shows t h e  s t a b i l i t y  p r o f i l e s  f o r  t h e  
same s u r f a c e s  as i n  F i g u r e  1, b u t  w i t h  a c o e f f i c i e n t  o f  f r i c t i o n  
e q u a l  t o  1 . 0 .  The p r o f i l e s  f o r  t h e  two s u r f a c e s  are s e e n  t o  be 
a l m o s t  c o i n c i d e n t a l .  
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I n  F i g u r e  3, t h e  s t a b i l i t y  p r o f i l e s  f o r  a f l a t  s u r f a c e  
w i t h  a c o e f f i c i e n t  o f  f r i c t i o n  e q u a l  t o  1 0 . 0  and two i r r e g u l a r  
s u r f a c e s ,  each  w i t h  a c o e f f i c i e n t  of  f r i c t i o n  e q u a l  t o  one ,  are 
p l o t t e d .  The small d i f f e r e n c e s  among t h e  th ree  s u r f a c e s  are 
though t  t o  b e  w i t h i n  t h e  accu racy  of t h e  a n a l y s i s .  

Conc lus ions  

The p r e c e d i n g  a n a l y s i s  shows t h a t  f o r  h a r d  s u r f a c e s  
w i t h  a low c o e f f i c i e n t  o f  f r i c t i o n ,  t h e  i r r e g u l a r i t y  of t h e  
s u r f a c e  i s  q u i t e  s i g n i f i c a n t  i n  t h e  s t a b i l i t y  o f  t h e  l a n d i n g .  
However, t h i s  s i g n i f i c a n c e  decreases w i t h  i n c r e a s i n g  c o e f f i c i e n t  
of  f r i c t i o n  t o  t h e  p o i n t  where t h e r e  i s  l i t t l e  d i f f e r e n c e  
between s t a b i l i t y  c h a r a c t e r i s t i c s  on a f l a t  s u r f a c e  w i t h  e s s e n -  
t i a l l y  a n  i n f i n i t e  c o e f f i c i e n t  of  f r i c t i o n  and e i t h e r  o f  t h e  
i r r e g u l a r  s u r f a c e  models c o n s i d e r e d  i n  t h i s  memorandum. 
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HOR I ZONTAL VELOCITY (FT, . ISEC. 

FIGURE I HARD SURFACE STABIL ITY  PROFILES FORP =O. 5 
V=COEFFICIENT OF FRICTION) 
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HORIZONTAL VELOCITY (FT. ISEC. 1 
FIGURE 2 HARD SURFACE STABIL ITY PROFILES FOR = l o o  

W=COEFF I C I ENT OF FR I CT I ON) 
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HOR I ZONTAL VELOCITY (FT. ISEC. 

FIGURE 3 HARD SURFACE STABILITY PROFILES 


